A B S T R A C T To characterize the transport mechanisms responsible for formation of canalicular bile, we have examined the effects of ion substitution on bile acid-dependent and bile acid-independent bile formation by the isolated perfused rat liver. Complete replacement of perfusate sodium with choline and lithium abolished taurocholate-induced choleresis and reduced biliary taurocholate output by >70%. Partial replacement of perfusate sodium (25 of 128 mM) by choline reduced bile acid-independent bile formation by 30% and replacement of the remaining sodium (103 mM) by choline reduced bile acid-independent bile formation by an additional 64%. In contrast, replacement of the remaining sodium (103 mM) by lithium reduced bile acid-independent bile formation by only an additional 20%, while complete replacement of sodium (128 mM) by lithium reduced bile formation by only 17%, and lithium replaced sodium as the predominant biliary cation. Replacement of perfusate bicarbonate by Tricine, a zwitterionic amino acid buffer, decreased bile acid-independent bile formation by >50% and decreased biliary bicarbonate output by -60%, regardless of the accompanying cation. In separate experiments, replacement of sodium by lithium essentially abolished Na,K-ATPase activity measured either as ouabain-suppressible ATP hydrolysis in rat liver or kidney homogenates, or as ouabain-suppressible 86Rb uptake by cultured rat hepatocytes.
A B S T R A C T To characterize the transport mechanisms responsible for formation of canalicular bile, we have examined the effects of ion substitution on bile acid-dependent and bile acid-independent bile formation by the isolated perfused rat liver. Complete replacement of perfusate sodium with choline and lithium abolished taurocholate-induced choleresis and reduced biliary taurocholate output by >70%. Partial replacement of perfusate sodium (25 of 128 mM) by choline reduced bile acid-independent bile formation by 30% and replacement of the remaining sodium (103 mM) by choline reduced bile acid-independent bile formation by an additional 64%. In contrast, replacement of the remaining sodium (103 mM) by lithium reduced bile acid-independent bile formation by only an additional 20%, while complete replacement of sodium (128 mM) by lithium reduced bile formation by only 17%, and lithium replaced sodium as the predominant biliary cation. Replacement of perfusate bicarbonate by Tricine, a zwitterionic amino acid buffer, decreased bile acid-independent bile formation by >50% and decreased biliary bicarbonate output by -60%, regardless of the accompanying cation. In separate experiments, replacement of sodium by lithium essentially abolished Na,K-ATPase activity measured either as ouabain-suppressible ATP hydrolysis in rat liver or kidney homogenates, or as ouabain-suppressible 86Rb uptake by cultured rat hepatocytes.
These studies indicate that bile acid(taurocholate)-dependent bile formation by rat liver exhibits a specific requirement for sodium, a finding probably attrib-INTRODUCTION Canalicular bile formation is an energy requiring process thought to result from active solute transport followed by osmotic water flow. Na,K-ATPase, one of the best characterized cellular ion pumps, is located in liver on the sinusoidal and lateral plasma membrane (1, 2) , a position analogous to its location in most other epithelia. Secondary active transport processes energized by the transmembrane electrochemical sodium gradient attributable to Na,K-ATPase are currently believed to play a major role in absorption or secretion by a variety of epithelial tissues (3) . Although Na,KATPase is also postulated to be important in bile formation (4) (5) (6) , the precise role of this enzyme in bile acid-dependent (BADF)l and bile acid-independent (BAIF) bile formation remains poorly understood.
Recent studies on whole liver (7, 8) , isolated hepatocytes (9, 10) , and cultured hepatocytes (11) (12) (13) indicate that conjugated bile acids are concentratively transported into hepatocytes via a sodium-dependent, ouabain-suppressible mechanism, presumably powered by the transmembrane electrochemical sodium gradient established by Na,K-ATPase. Therefore, it is likely that sodium and Na,K-ATPase are essential for bile acid-dependent bile formation.
Sodium transport and Na,K-ATPase also have generally been assumed to play a central role in bile acidindependent bile formation (4) (5) (6) . Circumstantial evidence in support of this hypothesis includes the observations that (a) output of sodium, which accounts for a greater proportion of bile osmolality than any other solute (14, 15) , is linearly related to BAIF (16) , (b) BAIF and hepatic Na,K-ATPase activity change in parallel following administration of certain agents (17) (18) (19) (20) (21) (22) (23) , and (c) inhibitors of Na,K-ATPase diminish bile flow (24, 25) . However, several studies have failed to demonstrate a consistent relationship between BAIF and Na,K-ATPase activity after treatment with drugs and hormones (26, 27) , and some authors have reported an increase in BAIF following administration of Na,K-ATPase inhibitors (28, 29) . Therefore, the role of Na,K-ATPase-mediated ion transport in BAIF remains controversial. Indeed, the identity of those solutes other than bile acids that are actively transported into bile is currently unknown. Sodium-coupled transport of chloride has been proposed as a major mechanism for BAIF; however, studies in our laboratory have provided no evidence in support of this hypothesis (30 Analytical techniques. Sodium, potassium, and lithium were measured by flame photometry and chloride by electrometric titration. Bicarbonate was measured as total CO2 using a Natelson microgasometer. Perfusate arterial and venous oxygen partial pressures were measured on a Corning blood gas analyzer (Corning Medical, Medfield, MA). Oxygen consumption was calculated from the arterial-venous Po2 difference, perfusate flow rate, liver weight, and the oxygen carrying capacity of the fluorocarbon emulsion used (as determined by the manufacturer). Protein concentration was measured by the method of Lowry et al. (32) . Bile acid concentrations in bile before taurocholate infusion were measured by the 3a-hydroxysteroid dehydrogenase assay (33) .
Lactate dehydrogenase (LDH) activity in cultured hepatocytes was measured as previously described (11) . Na,KATPase and Mg-ATPase activities of rat liver and kidney homogenates [prepared as previously described (34) spectrophotometry (35) using Tris-ATP and K+-phosphoenolpyruvate instead of the respective sodium salts. NaN3 was omitted from the assay buffer. Na,K-ATPase-mediated ATP hydrolysis was taken to be the difference between total ATP hydrolysis and ATP hydrolysis observed in the presence of 1 mM ouabain, which has been shown to completely suppress rat liver plasma membrane Na,K-ATPase activity (36) . In some assays, sodium chloride in the assay buffer (present at a concentration of 120 mM) was completely replaced by lithium chloride or choline chloride.
Radioactivity was measured by liquid scintillation counting in Aquasol (New England Nuclear) using external or internal standardization for quench correction.
Isolated perfused rat liver studies. The surgical technique and operation and design of the perfused rat liver apparatus used in these studies have been described in detail (37, 38 at 3 h in control perfusions (41) . In studies designed to assess the effects of sodium elimination on BADF, livers were perfused for 3 h in a recirculating mode using sodium chloride-or lithium chloride-containing fluorocarbon perfusates (Table I) The effects of sodium or bicarbonate replacement on BAIF by the perfused rat liver were examined using the protocol shown in Fig. 1 . Perfusate composition for each experiment is given in Tables II and IV . In selected studies, 1-2 uCi of (43, 44) and in the isolated perfused rat liver (31) . Cultured hepatocyte studies. Transport studies in cultured hepatocytes were performed as described (11) . Briefly, rat hepatocytes were prepared by collagenase perfusion and plated on collagen-coated plastic cover slips (0.6-0.8 mg cell protein/cover slip) (45, 46) . All experiments were performed (11) . The cells were then scraped from the cover slip and radioactivity and protein were quantitated. Cellular uptake was calculated as nanomoles Rb per milligram cell protein, assuming that potassium in the incubation medium was equivalent to rubidium. Na,K-ATPase-dependent 86Rb uptake was taken to be the difference between 86Rb uptake by cultured hepatocytes in the presence and absence of 5 mM ouabain. Calculations and statistics. In ion substitution studies in the perfused liver, bile flow in observation period B (B) was expressed as a percentage of bile flow in observation pe'riod A (A), i.e., B/A X 100, and this percentage was compared between control and experimental livers using Student's t test. In addition, paired t tests were used to calculate the significance of differences between bile flow in period A and period B for each group of livers. 86Rb uptake rates in cultured hepatocytes were taken to be the slope of the linear portion of the uptake curve calculated by linear regression analysis. Na,K-ATPase-mediated 86Rb uptake was the difference between slopes in the absence and presence of 5 mM ouabain. Student's t test was used to calculate the significance of differences between control and experimental studies.
RESULTS
General observations. Bile formation by control livers not receiving a taurocholate infusion fell from an initial value of 1.21±0.33 ,ul/min per g to 0.80±0. 22 Ail/min per g at 1 h, concomitant with a decrease in biliary bile acid concentration to 1.9±1.2 mM. Because considerable variation was observed in basal bile formation by different livers (Table III) , the effect of ion substitution on BAIF was studied using a protocol (Fig.  1 ) that permitted each liver to serve as its own control. In selected studies, the perfusion technique was modified by addition of 1 mM KH2PO4 to the perfusate (Table II) per g vs. 0.69±0.12 pl/min per g at 1 h); however, the effect of ion substitution on BAIF was unaltered and the results from all perfusions have therefore been combined (Table III) . Sucrose bile/plasma (B/P) ratios in control livers averaged 0.21±0.07 at 1 h and gradually rose with time to average 0.25±0.13 at 2 h and 0.49±0.19 at the end of 3 h. PEG-900 B/P ratios in control livers averaged 5.68±1.59 at 1 h and 5.94± 1.86 at 3 h. Bile secretory pressure at the end of 3 h of perfusion averaged 11.5±0.9 cm and was 7.4±1.6 cm above perfusion pressure in control livers. o Data given as mean±SD of six homogenates. Lithium and choline reaction mixtures were sodium free and contained 120 mM LiCl or 120 mM choline chloride, respectively, in place of NaCI.
§ P < 0.01 compared to assay with sodium.
11 P < 0.001 compared to assay with sodium. ¶ P < 0.02 compared to assay with sodium. e Not significantly different from zero. continued sodium-free perfusion. A transient choleresis was observed in both control and experimental livers beginning with the wash-out procedure at 90 min and lasting 30-45 min and was most marked in the control livers. This choleresis was observed in perfusions using both fluorocarbon-containing and fluorocarbon-free wash solution (Fig. 1, legend) , and thus was not attributable to transient hypoxia or changes in perfusate osmolality. However, perfusate bicarbonate concentrations fell up to 20% during the first 90 min of perfusion and were restored to base line by the perfusate change at 90 min. Since bile flow is sensitive to changes in perfusate bicarbonate (see below), this may have accounted for at least a portion of the choleresis observed in these studies. Bile flow and B/P ratios of sucrose and PEG-900 did not differ between studies using fluorocarbon-containing and fluorocarbon-free wash solutions, and thus all data has been combined for presentation. Liver weight expressed as a percentage of body weight tended to be greater following a 3-h perfusion with choline and/or lithium-containing perfusate than with control perfusate (Table III) . This increase achieved statistical significance only for perfusate in which sodium (128 mM) was replaced by choline (25 mM) plus lithium (103 mM) or in which both sodium and bicarbonate were replaced by choline or lithium and Tricine, respectively.
Effects of sodium elimination on BADF. As shown in Table I (Table III) . Replacement of the remaining 103 mM of sodium by choline further reduced bile flow by an additional 64% (Table III) and sodium essentially disappeared from bile (Table II) . Thus, bile flow in period B in the presence of 128 mM choline was -25% of that in the presence of 128 mM sodium. In contrast, replacement of the remaining 103 mM of perfusate sodium by lithium further reduced bile flow by only an additional 20% (Table III) and lithium replaced sodium as the predominant biliary cation (Table II). Total replacement of 128 mM sodium by 128 mM lithium reduced bile flow by only 17% (Table III) . Bile Sodium largely disappeared from bile during sodium-free perfusion and was replaced by lithium during lithium perfusion (Table II) . Biliary electrolyte composition was otherwise unaltered with the exception of the potassium concentration, which rose during perfusion with lithium-or choline-containing media to -16±5 mM (Table II) Effects of bicarbonate elimination on BAIF. As shown in Tables IV and V, replacement of perfusate bicarbonate with Tricine reduced bile flow significantly, regardless of the accompanying cation. In sodium-perfused livers, bile flow fell 49%, biliary bicarbonate concentration fell 41%, and bicarbonate output fell 63%. These changes were not attributable to Tricine toxicity, as the addition of 10 mM Tricine to bicarbonate-containing perfusates did not reduce bile flow. In contrast, in preliminary studies addition of 25 mM Tricine to bicarbonate-containing perfusates did reduce bile flow by a mean of 31% (data not shown) suggesting that higher concentrations of Tricine can exert a modest cholestatic effect. Sucrose B/P ratios did not differ between control and bicarbonate-substituted livers.
Effects of sodium elimination on ATP hydrolysis. Na,K-ATPase-mediated ATP hydrolysis in rat liver and kidney homogenates was reduced 92 and 94% by substitution of lithium for sodium and 85 and 89% by substitution of choline for sodium (Table VI) . Because of the inherent imprecision in measuring Na,K-ATPase, particularly when it constitutes a small fraction of total ATPase activity (35) , there is considerable uncertainty associated with measurement of Na,K-ATPase activity in the absence of sodium. In fact, Na,K-ATPase activity in the presence of lithium did not differ significantly from zero. In contrast, Mg-ATPase-mediated ATP hydrolysis was unaffected by sodium elimination.
Effects of sodium elimination on 86Rb uptake by cultured hepatocytes. We used ouabain-suppressible 86Rb uptake as a measure of Na,K-ATPase activity in these studies as rubidium has been shown to substitute effectively for potassium (48) and has been used successfully to measure Na,K-ATPase-mediated potassium influx in diverse tissues such as cardiac muscle (49) , lymphocytes (50), fibroblasts (51), liver slices (52), and cultured hepatocytes (53, 54) . Na,K-ATPase-mediated uptake of 86Rb was taken to be the ouabainsuppressible fraction of total uptake. Ouabain was used in a concentration of 5 mM as preliminary studies indicated that 1 mM ouabain did not produce maximal suppression. LDH release by the cultured cells averaged 4.5±1.8%/h and was not altered by addition of ouabain or replacement of sodium.
As illustrated in Fig. 2 , 86Rb uptake was linear to 30 min. 'Rb uptake averaged 2.78±0.17 nmol/min per mg cell protein in control medium and 0.45±0.04 nmol/min per mg in the presence of 5 mM ouabain. When sodium was replaced by lithium, 86Rb uptake in the absence (0.314±0.042 nmol/min per mg) and presence (0.299±0.048 nmol/min per mg) of 5 mM ouabain did not differ significantly. Ouabain-suppressible 86Rb uptake in lithium-containing medium (0.015±0.064 nmol/min per mg) did not differ from zero and was <0.7% of ouabain-suppressible 86Rb uptake in sodium-containing medium (2.33±0.18 nmol/ min per mg).
DISCUSSION
These experiments were designed to characterize the transport mechanisms responsible for formation of canalicular bile by the isolated perfused rat liver. The roles of sodium and Na,K-ATPase were assessed by replacement of perfusate sodium with choline, a large and relatively impermeant monovalent organic cation, or lithium, a relatively permeant monovalent inorganic cation that resembles sodium in both hydrated ionic radius and chemical properties. We found that substitution of lithium or choline for sodium essentially abolished Na,K-ATPase activity measured either as ouabain-suppressible ATP hydrolysis in liver homogenate or as 86Rb transport by cultured hepatocytes, and also effectively eliminated taurocholate-induced choleresis by the perfused rat liver. In contrast, lithium perfusion only modestly reduced BAIF, suggesting that basal BAIF exhibits no specific requirement for sodium or Na,K-ATPase. We also confirmed the observation of Hardison and Wood (31) that replacement of perfusate bicarbonate by Tricine substantially reduces BAIF. Before attempting interpretation of these observations, it is appropriate to comment upon the experimental design and assumptions involved in these experiments.
The isolated perfused rat liver has been used extensively to study hepatic metabolism and transport. Fluorocarbon was used as an oxygen carrier in these studies because it permits ion substitution experiments that would be difficult or impossible with erythrocyte-containing perfusate. Comparative studies have indicated that bile flow2 (55) , oxygen consumption, gluconeogenesis, lactate and ketone body production, and ATP concentration (56) (58) (59) (60) (61) ] for isolated rat livers perfused without bile acid infusions. Bile secretory pressure exceeded perfusion pressure in these studies by 7.4±1.6 cm of water, a figure also within the range (4-9 cm of water) reported by previous investigators for erythrocyte-perfused livers (62, 63) . The absolute magnitude of the bile secretory pressure (11.5±0.9 cm), however, was less than has been observed by others (16-20 cm) (62, 63) . Livers perfused concurrently2 with erythrocyte-containing perfusate exhibited bile secretory pressures (10.5 cm) similar to those observed in fluorocarbon-perfused livers. Thus, the lower bile secretory pressures observed in these studies are probably attributable to methodologic differences (e.g., time of measurement, perfusion pressure, lack of bile acid administration) rather than the use of fluorocarbon per se.
The B/P ratio of radiolabeled sucrose was measured in these studies to monitor possible changes in tight junction permeability. The ratios observed in control livers (0.21±0.07 at 1 h, 0.49±0.19 at 3 h) were higher than those reported for the intact rat [0.106-0.21 (64) (65) (66) (67) ], in which total bile flow is higher, but were within the reported range for the isolated rat liver [0. 16-0.56 (68) ] and did not differ from concurrent experiments using erythrocyte-containing perfusate.2 The gradual increase in B/P ratio of sucrose observed during the 3 h perfusion is attributable in part to the expected increase with decreasing rates of bile formation (64) and may also reflect a gradual increase in junctional permeability of the isolated liver. The important observation for the interpretation of these experiments is that sucrose B/P ratios did not differ between control and experimental livers.
It has been suggested that PEG-900 may represent a marker of total canalicular secretion, unlike solutes, such as erythritol, that are postulated to measure only net (secretion minus absorption) water flow (68, 69) . PEG-900, therefore, was also used in these studies, in an attempt to assess potential changes in the relative contribution of secretion and absorption to total bile flow.
The terms BADF and BAIF as used in the context of this study also deserve comment. Given a plot of bile flow (ordinate) vs. bile acid output (abscissa), BAIF is conventionally defined as the extrapolated "y" intercept and BADF as the product of the slope and bile acid output. This approach, which in itself may be subject to error (70), was not applicable to these studies since taurocholate infusion failed to induce a choleresis during sodium-free perfusion. BAIF was therefore taken to be basal bile output after 1 h, by which time biliary bile acid concentration had fallen to 1.9±1.2 mM. This appears to be a reasonable approach since bile flow attributable to basal bile acid output estimated from the measured bile flow (0.8 ,tl/min per g), bile acid concentration (1.9 mM) and the slope of the line relating bile flow and bile acid output [0.009-0.017 ,l/nmol (58, 60, 63) ] is 0.014-0.026 Ml/min per g or <5% of total. This calculated percentage may represent an underestimate when applied to very low biliary bile acid concentrations (70) where bile acid osmotic activity and thus BADF may be increased severalfold. However, basal bile output (and presumably that portion of bile flow attributable to basal bile acid output) was unaffected by ion substitution, and therefore the observed changes in bile flow are primarily attributable to changes in BAIF.
An important assumption underlying the interpretation of these experiments is that substitution of lithium for sodium effectively abolishes Na,K-ATPasedependent ion transport in the perfused liver. This assumption is based on several considerations. We, and others, have shown that Na,K-ATPase manifests a high degree of cation selectivity and functions poorly if at all in the absence of sodium. In this study, Na,KATPase-mediated ATP hydrolysis in liver homogenates (Table VI) and Na,K-ATPase-mediated 86Rb uptake in cultured hepatocytes (Fig. 2) were reduced to nearly unmeasurable levels after substitution of lithium for sodium. Although lithium has been shown to compete for either the potassium (71) or the sodium (72-74) site on Na,K-ATPase in other tissues, it does so poorly. In lithium-loaded human erythrocytes, theKm for lithium is an order of magnitude higher than for sodium and maximal cation pumping is <25% of that seen with sodium (72, 73) , while ATP hydrolysis by pig kidney Na,K-ATPase in lithium medium is only 5% of that in sodium medium (74) . Nagel (75) has presented direct evidence that in frog skin lithium equilibrates passively across the cell membrane. It therefore appears reasonable to assume that lithium perfusion effectively eliminates Na,K-ATPase activity as well as sodium or lithium gradients capable of powering secondary active transport mechanisms.
In light of these considerations, it is not surprising that complete substitution of lithium and choline for perfusate sodium virtually abolished taurocholate-induced choleresis (BADF) and markedly decreased taurocholate transport. Hepatic uptake of taurocholate is known to be dependent upon both sodium and Na,KATPase (7-13). Residual taurocholate transport observed in the absence of sodium (14.0 nmol/min per g liver at a perfusate concentration of 167 gM taurocholate) is in rough agreement with that predicted (3.6 nmol/min per g liver) based on the observed sodium-independent uptake of taurocholate in cultured rat hepatocytes (0.125 nmol/min per mg cell protein per mM taurocholate) (11) assuming that 17% of liver weight is protein (13) .
In contrast to the effect of sodium-free perfusion on taurocholate-induced choleresis and taurocholate transport, the effect of sodium-free perfusion on BAIF was quite unexpected. Specifically, substitution of lithium for sodium reduced BAIF by .20% and lithium replaced sodium as the predominant biliary cation (Tables II and III) . This suggests that much of basal BAIF in the isolated perfused rat liver exhibits no specific sodium requirement and can be largely dissociated from Na,K-ATPase activity, or any other ion pump with a specific sodium requirement. This finding does not indicate that sodium is not important for BAIF. Indeed, in the intact organism, sodium accounts for a larger proportion of bile osmolality than any other solute (14, 15) , and replacement of sodium with choline, a relatively impermeant cation, markedly reduced bile flow (Table III) . These findings are consistent, however, with the view that much sodium movement associated with BAIF is passive (76) . These observations do not exclude a role for Na,K-ATPasemediated sodium transport in BAIF. Indeed, slightly lower bile flow was consistently noted during lithium perfusion (Tables I-V) . This might reflect either the elimination of a Na,K-ATPase-dependent solute transport mechanism or, equally as likely, nonspecific effects of sodium removal and/or lithium replacement. The data presented here also do not exclude the additional possibility of a versatile ion pump other than Na,K-ATPase that might mediate both sodium and lithium active transport and thus BAIF. However, we are not aware of a precedent for such a pump in other mammalian systems.
Other explanations for this unexpected finding also deserve consideration. It is conceivable, for example, that residual intracellular sodium might support some Na,K-ATPase activity even during sodium-free perfusions. However, bile flow was measured after 1 h of sodium-free perfusion, at which time sodium concentration in both perfusate (1.3±1.7 mM) and bile (0.5±1.3 mM) was very low and electrochemical gradients adequate to support ion transport were probably dissipated. This explanation therefore does not seem likely. Similarly, the observation that lithium perfusion did not increase the B/P ratio of radiolabeled sucrose nor alter bile secretory pressure argues against altered junctional permeability as an explanation for maintenance of bile flow during lithium perfusion. Finally, the B/P ratio of PEG-900 was similar to that previously reported for intact rats and the perfused rat liver (68, 69) . Thus, it does not seem likely that lithium perfusion reduced both secretion and reabsorption so as to leave net flow unchanged.
If Na,K-ATPase and sodium-dependent transport mechanisms are not solely responsible for BAIF, what other transport mechanisms might be important? Har- dison and Wood (31) observed that bicarbonate and/ or proton transport may participate in BAIF. Similarly, we found that removal of bicarbonate from perfusate decreased BAIF by -50% and biliary bicarbonate output by 63% (Table IV) . Presumably, the remaining bicarbonate in bile originated from hepatic metabolic CO2 production. Two mechanisms have been postulated for bicarbonate transport in mammalian cells, and either or both might mediate hepatic bicarbonate transport. Sodium/hydrogen exchange driven by the transmembrane electrochemical sodium gradient attributed to Na,K-ATPase (77) has been identified as an important mechanism for bicarbonate transport in the renal tubule (78, 79) . Although the operation of such a mechanism during lithium perfusion cannot be rigorously excluded (77) , it appears unlikely in light of the considerations outlined above. A primary hydrogen ion (or bicarbonate) pump is another possible mechanism for bicarbonate transport. Such a pump has been identified in mitochondria (80) , bacteria (81), turtle urinary bladder (82) , and the rat renal tubule (83, 84) . Our findings suggest that a similar pump may play a role in BAIF.
